Some prosthetic heart valves with Silastic ball poppets undergo degeneration and variance. The problem is avoided with metal poppets; however, their impact can damage the cloth coverings on the struts, resulting in distorted blood flow paths. Consequently, renewed interest in mOd-cured Silastic poppets and inserts is developing. With photostress equipment, we analyzed two spherical poppet models to study poppet degeneration. The first analysis simulated the ring type of loading transmitted from the valve seat to the poppet, and the second analysis involved hydrostatic pressure loading and a detailed stress analysis to simiJate cage confrontation. Results showed that regions of the poppet were susceptible to stress cycling with relatively large tensions below the upper surface but above the ring support. This same location could experience large compressive stress, depending on how the poppet was positioned during a seating stroke. Shear stresses near the valve support ring were at least four times the hydrostatic pressure load. Such subsurface stress cycling should play a role in the formation of internal fissures that surface and fracture the poppet. KEY WORDS stresi cycling heart valve occluder variance structural fatigue subsurface cracks shear stress From the Department of Mechanical Engineering and the
• When a Silastic poppet is employed in a heart valve replacement as a component of the prosthesis, thrombogenesis with embolization can occur and ball variance may be seen (1) . Historically, as usage of such silicone poppets continued, acute valvular malfunctions increased and deaths were noted in some cases. In gross detail, the alterations in the poppets included lipid infiltration with subsequent increased diameter, grooving, and cracking ; sometimes fragmentation, decreased diameter, and some abnormal sticking or cocking of the poppe: occurred.
In well-known endeavors to prevent the problems seen with valve occluders formed from polymeric material, metal has been employed and the cage struts and the valve seat have been covered with cloth. However, the impact of metal may wear away sections of the cloth (2, 3) . In turn, partial correction has been attempted (4), but a metal ball's vertical excursions and its free rotation eventually cause damage to the coverings (5, 6). Consequently, the desired blood outflow path becomes somewhat distorted, and undesirable turbulence may appear. With the realization that the impact of a metal poppet is a problem, continued interest has been shown in the use of polymeric material. As pointed out (5), unpublished data of Detmer and Bravrnwald showed the absence of fabric wear for 3 years when silicone poppets were part of implanted prostheses in calves. In other attempts to avoid metallic impact, investigators have also formed heterograft, homograft, and fascia lata valves. Other problems then ensue such as risk of rupture (7} in the heterograft valve and significant decrease in fibroblast number per unit volume and collagen bundle separation in the fascia lata valves (8, 9) . The homograft results appear to be contradictory. To avoid problems found with both Silastic and metallic materials, an expanded effort has been undertaken to fabricate and test poppets formed of Pyrolite carbon (10); these poppets are not degraded by the biological environment, and they have thromboresistant properties. At least one such valve is offered for clinical use (11), and another disk type of valve is in the testing stage (12) .
Pyrolite carbon appears to be sensitive to cavitation damage (13). Also, because the present solid graphite disk occluders coated with Pyrolite carbon Circulation Rnnrcb, Vol. XXXII, J*tu*n 1975 60 GREENFIELD, HAMPTON, GASCOIGNE, KOLFF have densities twice that of blood, experiments with hollow disks are being attempted to reduce the density value. The disk has a carbon ring to reduce edge wear and a polymeric center section to cushion impact Does this polyremic insert bring us full circle in valve occluders? With cloth and strut wear present, is the optimal occluder and cage prosthesis the one in which the poppet is a durable object that has less impact? This question is posed without regard to the hemodynamic requirements, but it raises the point of this investigation. The lethal degeneration or variance of the silicone poppet has been largely ignored, and little attempt has been made to explain the internal absorption of Iipid material in a polymeric poppet, especially as it relates to subsequent internal fissures. Rather, researchers have bypassed any investigation of the problem by substituting occluders of other materials. The problem is not solved by quality control it the manufacturing plant; the problem of poppet variance has been seen in the mitral position some 634 years after a valve with a silicone poppet was implanted (14) . The search for an optimal poppet within a completely cloth-covered prosthetic frame apparently requires knowledge of the polymeric poppet's long-ignored degenerative process.
Methods

PHOTOELASTIC PROCEDURE
An attempt was made to perform a static stress analysis nf a typical ball-shaped polymeric poppet to locate points of high stress and to define more completely the potential failure mechanisms involved in a certain percent of such occluders. The approach was one of photoelasticity, since this technique is particularly useful for objects with complicated geometry or complicated loading conditions, or both. It allows the measurement of changes produced in a material by the stresses and strains to which the material is subjected.
In applying the technique, a three-dimensional model was formed of photoelastic material; the model was scaled to the geometry of the part being analyzed. Since viewing a thick section reveals only the average stresses through a solid, a special technique of stress freezing was required for precise analysis. In this process a three-dimensional model of the structure in question was cast or machined utilizing a stress-free transparent plastic The model was heated to the softening point, forces (reduced by an adequate scale factor), pressures, and moments were then applied, and the stressed model was cooled slowly to room temperature. Once the cooling or the stress-freezing process was completed, a pattern of birefringence and deformation was locke<3 in. Therefore, at room temperature the external forces could be removed, the model could be sliced into any number of planes, and every plane could be analyzed to provide a complete three-dimensional solution of the stress problem. The slice being studied had to be thick enough to produce birefringence for analysis but thin enough to have a negligible stress gradient. An example of such a slice is shown in Figure 1 .
In our own investigation (15) , the question of employment of a wedge slice or a constant-thickness slice arose, since the poppet to be cut was a hemisphere. However, we found that pairs of strips formed of both slice shapes compared closely, even though the aagle of incidence of the impinging light vector differed
EQUIPMENT EMPLOYED
In this investigation, a transmission technique allowed a monochromatic beam of light to pass through a polarizer that absorbed all vibrating vectors that were not in the plane of polarization. In line with this polarizer was a second polarizing element termed the analyzer. This element, shown in Figure 2 , also had an axis of polarization, which, if parallel to the polarizer's axis, passed the light. If it was oriented 90° to the polarizer's axis, however, it created a dark field. When the model of the poppet was formed, it was made of a special transparent, birefringent material which was Plane-polarized light.
placed between the polarizer and the analyzer. The property of birefringence allowed the light beam from the polarizer to be split into two beams polarized in directions parallel to the directions of the two principal stresses, CT j and a-,, within the model material. The internal beams were out of phase by an amount proportional to the difference in the principal stresses, and, if this phase shift was varied, color hues were observed. When the axis of polarization of the analyzer coincided with the direction of a principal stress, all light was blocked; therefore, black fringes seen in the material of the stressed model corresponded to regions having principal stresses aligned with the analyzer axis. The black fringes are the isoclinic lines for the particular angle of rotation shown on a scale as the analyzer was moved. A complete survey of principal stress orientations was usually made by rotating the analyzer to various settings, while the isoclinic lines were sketched or photographed. An example of the isoclinic plot found in a point-loaded model poppet is shown on the left of Figure 3 . The equipment, as shown in Figure 4 , contained two elements with doubly refracting properties in the light path between the polarizer and the analyzer. To be doubly refracting, a material must have the ability ta resolve an impinging light vector into two orthogonal components and to transmit each component at a different velocity. Such a material has, therefore, two principal optical axes that transmit light at different velocities. If such a velocity retardation plate is made of a thin plastic of uniform thickness and stress and if the emerging orthogonal light vectors are displaced a quarter of a wavelength relative to each other, a quarter-wave plate is produced. Its purpose is to eliminate the sensitivity of the polariscope to directions; its role in forming circular polarized light allows the isolation of the isnehromatie fringe pattern from the isoclinic lines in a stressed model. The isochromatic lines, or the color fringes, were evaluated by the inclusion of the quarter-wave plates in a white light path. Areas of known zero stress and of obvious stress concentration were referenced, and the number of isochromatic fringes (successions of color spectrums) that were between the two areas were counted. Once the number of fringes was evaluated, this amount was multiplied by a constant that depended on the type of photoelastic modeling material used and its thickness. The value computed was the differen c e between the maximum and the minimum principal stresses; this value is important for forming other results.
The pattern which involved stress trajectories could also be evolved from the initial photostress readings. If Transmission pdariscope.
shortline segments which were parallel to the polarizer axis were carefully placed across the isoclinic fringes, then a series of smooth curves could be drawn from such segments tangent to the principal stresses at each point to form a continuous network of curves. Such stress trajectories, as shown on the right of Figure 3 , were employed to determine the proper planes for slicing three-dimensional models when the frozen-stress technique was used.
EXPERIMENTAL PROCEDURE
Several experiments were performed to establish the required load magnitude for producing adequate fringe data. These experiments involved ring-supported spheres under various concentrated loads; however only the hydrostatically loaded sphere will be discussed since it is more representative of the poppet of the actual heart valve. A ball poppet model was fabricated from a precast block of special epoxy resin. Such an epoxy resin is a long chain, cross-linked organic polymer. These useful polymers, required for the stress-freezing process, exhibit a diphasic material property, i.e., they possess two sets of intermolecular bonds, each affected differently by temperature, At room temperature, one set of bonds (called the primary set) is an elastic solid, and, at an elevated temperature under stress, it behaves as a liquid, while the secondary network is stil in the elastic range of deformations. Thus, this elastic state of def or mat i ons . Thus , t hi s el as t i cs t at eof def or mat i on is preserved as the material is slowly cooled. After the freezing cycle, the loading is removed, but the material is not free of stress. Rather, a system of self-equilibrated stresses ii developed in which internal forces exerted at each point by the secondary network are balanced by equal and opposite forces exerted by the primary network. Slow cooling is required to avoid the introduction of thermal gradients and the associated thermal stresses in the model.
With the above capability in mind, the model wai placed in an oven for which a clock mechanism was developed to control heating and cooling rates as required. Enclosed in a small chamber, the sphere was hydrostatically forced into a formed valve seat by pressurized air; the amount was chosen so that it produced an adequate formation of fringe patterns without model deformation in the epoxy resin about the ring-support position. In turn, the stress-frozen model that resulted was sliced using a modified horizontal bench mill that held a cutting disk with diamond chips embedded in its periphery. This action ensured minimization of heat generation at the cut and a highquality surface that eliminated refraction problems. Uniform-bending calibration beams, required for determination of the fringe constant-an important parameter within the stress equations employed-were also carefully machined out of the same epoxy resin block. This hydrostatically loaded model was sliced at the positions shown in Figure 5 , based on knowledge of stress trajectories similar to those seen in Figure 3 .
Analyiis
The stress-frozen, hydrostatically loaded poppet model, 4 inches in diameter, was first sliced at location I, shown in Figure 5 . As shown in Figure 6 , the resulting isochromatic fringe pattern was symmetrical about a vertical axis with a maximum fringe order of 23 at the ring-support points. A zeroorder fringe pattern filled a large portion of the upper hemisphere of the poppet model, indicating that the two principal stresses were equal. Since the second principal stress was equal to the boundary stress, it appeared that the surface was in hydrostatic compression. The latter assumption was verified by perusing an isoclinic fringe pattern similar to that seen in the point-loaded sphere of with the vertical axis. In turn, it follows that other slices from the poppet {such as slice II in Fig. 5 ) would contain principal planes and, therefore, the know principal stress directions. This finding was fortunate, for otherwise many slices would have been required to find the orientation and the direction of the principal planes. The analysis was then continued by the employment of the Frocht shear-difference method of stress separation (16) .
The shear-difference method provided a methodology for solving the stress analysis problem, since the photoelastic data did not provide answers directly. Although there are several techniques available that allow solutions, tie most direct is the Frocht approach.
From the basic elasticity theory, the differential equations of equilibrium, when applied to a planestress problem in the absence of body forces, appear as where <r M and ov v are normal stresses to a surface when the outer normal is parallel to the x and the y axes, respectively. The parameter R LV is the shearing stress acting tangent to the xy surface forming the plane. Eq. 1 cm be integrated along the x axis from a value of 0 to zt by nse of the relation
pas-ax--r&
Using finite-difference concepts where the partial differentials are replaced by differences, Eq. 3 can be numerically evaluated when it is in the form j n dx " i n " *> Ay 1,,,+nv, 
The value of a x x can be immediately found from isochromatic data, since the point x0 is on a free boundary.
Isoclinic and isochromatic fringes on one plot phs grid system for the application of the sheaf-difference method.
The isoclinic hoes from Figure 3 are superimposed on Figure 7 . The isoclinic curves deSne the direction of the principal stresses, <T \ and cr>. by the nature of the optical system. In turn, rr, values can he determined along the AB and CD lines at all stations by application of the equation where 6 is the angle between the x axis and the direction of o^ (or the direction of cr_,) as given by the isoclinic parameters. The difference Ln principal stresses is Nf a /h where N h the fringe value, ja is a constant determined by calibration of the stressed material, and h is the thickness of the model slice. Thus, T^ values are determined by both isoclinic and isochromatic data.
Since the above procedure allows the evaluation of T^ values at each increment point along the i axis, values of the last term in Eq. 6 are seen for each incremental step. The employment of the first AT^ value, coupled with the known value of C E^, allows the evaluation of c r^ . Succeeding substitutions ifl Eq. 6 result in a complete computation of <y Jf along the line OP-Subsequently, cr n values are formed by application of the equation The shear-difference method, utilizing only isochromatic and isoclinic information, gives the required stress information along any arbitrary l i ne, such as OP, from a point of known stress. The procedure is a simple and a relatively automatic one, albeit a tedious one. Care is required in the application of the method, for errors in this stepwise procedure are cumulative, The analyses culminated in Figures 8-12 .
In viewing the determination of the stress state along the vertical diameter, as portrayed in Figure  8 , it can be seen that the vertical stress <T* decreased from hydrostatic compression at the top of the poppet to zero at the bottom. The lateral stresses < r and <T j were equal along the vertical axis and reached their maximal tension of 1.5 times the applied test pressure just below the center of the poppet. In turn, the maximal shear stress (r mtI ) at that point was approximately half the difference of the principal stresses. Figures 9-12 (compression is plotted on the negative ordinate axis) show the stress states at four horizontal sections above and including the ring-support position. Although not shown in Figure 9 , if o\ s was plotted out to the point r/R -1, its value would approach four. The stress magnitudes increase upward from the ringsupport position but diminish along the radius. In particular, if Figures 10 and 12 are compared, it is seen that the normal stress and the maximal shear stress reached substantial levels near the surface before dropping off, as depicted in Figure 10 . However, in Figure 12 the stress value was of the opposite sign, progressing from the center of the poppet towards its surface. Since the positions viewed were on opposite sides of the center horizontal plane, stress cycling near the surface might be assumed if the ball rotated and seated randomly.
Discussion
The ball poppet model made of epoxy resin, having been subjected to hydrostatic pressure loading of an axisymmetric form, produced data which showed interesting details. The stress analysis demonstrated that tension levels three times that cf the surrounding fluid pressure were present below the surface and above the ring-support section. In turn, shear stresses near the valve support ring were at least four times the hydrostatic pressure-loading value. The subsurface region of the poppet was therefore susceptible to the previously mentioned cycling effect that would allow internal stress reversal with subsequent seating strokes. Realizing that the present study employed static load conditions only and that the stress levels would be even higher under dynamic conditions, it would therefore appear that stress cycling could have a role in the formation of subsurface cracks sometimes Doted in variant poppets. Too, the value of the Poisson ratio (a strain ratio value measured during axial loading, which is a material parameter) for the model, at the critical temperature required for freezing the stress, approached that of the elastomeric materials employed within the prosthetic poppet. Therefore, it can be assumed that the stress distribution within the model was representative of the true poppet stresses. It was also found that tensile hoop stresses appeared below the ring support These stresses were equal in magnitude to the surface hydrostatic pressure where it intersected the vertical diameter. However, these hoop-stress values were less than the internal stresses, giving credibility to the conclusion that crack initiation is internal.
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FIGURE 10
Stresses across a horizontal diameter section.
Only static loading conditions were utilized in this study. When dynamic loading is to be studied for reasons of finer evaluation, scattered-light photostress equipment presently being built will be used. It is significant that with this capability stresses can be measured on the surface or inside the model during dynamic loading and under any number of loading conditions. With the capability that the laser beam provides, as a component of the scattered-light system, the dynamic stress waves are effectively "stopped" photographically in microsecond time pulses. This procedure should allow the study of poppet impact on the cage struts in sma'l time increments as well as motion in and out of the seating position for various valve poppet models.
The present study does not provide any information concerning lipid infiltration (see refs. 17 and IB concerning continuing investigations) or the initial phase of poppet alteration; however, it does generate some thoughts about future investigations. The ball is known to rotate and to position itself CircnUsion Rtwrrct, Vol. XXXII, Snutr, 197i differently in subsequent seating strokes. If such action caused stress cycling and eventual stress fatigue of a portion of the internal structure, it might be conjectured that this area could become a relatively weak region for infiltrating lipid components to gather. In such a hypothesis it might be assumed that lipids first enter the ball in an unknown homogeneous fashion and gravitate towards the stressed, weakened region. Such continued massing of lipids and other materials would cause continued fissuring with eventual surfacing of such cracks. Interestingly enough the present study is an attempt to experimentally verify analytic studies of blood flow through prosthetic heart valves by computer graphics, as performed by Greenfield et al. (19) (20) (21) (22) . The application of computer graphics to studies of medical phenomena allows the solution of involved equations, otherwise intractable, plus a true man-machine interaction within the problem.
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FIGURE II
Stresses across a horizontal section 0.30 inch btlow the sphere's center.
This study did not use a computer for patient monitoring or data reduction but rather for the presentation of a computer-formed simulation of a physical system on a television-type screen which could be erased or changed at will. Such graphics display usage is quite rare in medical studies, as is verification of any computer simulations. We are concurrently attempting to verify the experimental evaluations by simulating these results via the graphics display exemplified by Figure 13 . Here, the ball occluder has been viewed as symmetric about the y axis due to symmetric loading. Some 273 points were chosen on the hemisphere and both strain and stress equations were evaluated at each point by the computer. The large stress values mathematically placed at the sewing-ring position in Figure 13 make the hemisphere look as if it is bound by a tight cord at that position. This appearance is an optical illusion due to the black background on the cathode-ray tube display screen. This conclusion can be verified by following the circumference through the ring points. The stress fringe patterns are to be compared with Figure 6 , realizing, however, that only a preliminary comparison can be formed until the chosen point distribution is refined. The power of the computer display is that on command the display object can be rotated continually on the screen and viewing of the stress cycling can be introduced for realism. 0,2S . 
